Growth parameters of suspension culture cells of soybean (Glycine max L.) were compared between cells grown in medium with (+) auxin and without (-) auxin. Growth rates were greater for (+) auxin cells.
Auxin has long been recognized for its role in plant development. In concert with other plant hormones, auxin influences morphogenesis in plant tissue cultures and explants (30) . Rela- tively high levels of auxin can induce embryogenesis and maintain the growth of embryogenic cells and proembryos of both dicots (1) and monocots (33) . However, in media supporting embryogenic cultures a reduction in auxin concentration is re- ' Supported by National Institutes of Health grant GM303 17 and U.S. Department of Agriculture grant GE000707 to J. L. K. 2Present address: NPI, 417 Wakara Way, Salt Lake City, UT 84108. quired to induce their maturation into somatic embryos. The role of auxin (as well as cytokinin) is also evident in crown gall tumor tissue. Transformed cells produce higher endogenous levels of these hormones, and as a result the addition of auxin to growth medium is not required for callus proliferation (32) . While lowering auxin concentrations can induce development in cultured plant cells, severe auxin-deprivation can reduce rates of cell division, reduce biomass accumulation, cause changes in phenolic metabolism and eventually result in cell death (25) .
Auxin alters nucleic acid metabolism in intact and excised plant tissues based on several lines of evidence (23) . Kinetic and saturation hybridization analyses of scDNA3 have been used to analyze changes in the complexity of poly(A) RNA in soybean seedlings (2, 4) . In these studies most poly(A) RNA sequences (about 40,000) were shared by both auxin-treated and untreated soybean hypocotyls. However, a small number of very abundant sequences were markedly decreased following auxin treatment of mature hypocotyl tissue.
In addition to nucleic acid hybridization analysis of poly(A) RNA in response to auxin, the in vitro translation of poly(A) RNA has provided information on the modulation of the level of some of the 200 to 500 most abundant sequences. The resulting in vitro translation products representing specific poly(A) RNAs have been displayed on two-dimensional gels. Several of these studies have shown that up to about 10% of the most abundant poly(A) RNAs shift in their concentration in soybean hypocotyls (2, 4, (36) (37) (38) (39) , in pea stems (31) , and in cultured soybean cells (6) in response to auxin. This shift is rapid, and some changes can be detected within 20 min or less following auxin treatment. Although complicated by technical limitations discussed by Zurfluh and Guilfoyle (37) , in vivo protein synthesis studies also show similar rapid shifts in soybean hypocotyl protein synthesis in response to auxin. These changes in translation products reflect changes in the concentration of the most abundant poly(A) RNAs. Specific poly(A) RNA sequences from soybean hypocotyl which respond to auxin have been cloned as cDNAs. Some clones represent sequences which decrease in abundance by as much as 100-fold (3) while others in specific developmental zones of the hypocotyl selectively increase 5-to 8-fold (34) and in some cases up to 98-fold (20) . These and other more recent studies indicate that the regulation by auxin of some specific genes is under rapid transcriptional control. 'Run-oft' transcription by isolated nuclei from soybeans (19) indicates that the transcription of some genes can increase 10-to 100-fold within 5 min of auxin treatment.
In the study reported here, we examined the influence of auxin I Abbreviations: scDNA, 'single' copy DNA; Cot, nucleic acid concentration in moles of nucleotides per liter times s; Cot%, value at which 50% of the reaction is complete; MS medium, Murashige and Skoog medium; poly(A) RNA, polyadenylated RNA; TC, tissue culture cell. on the expression of poly(A) RNA in cultured soybean cells in order to determine if culture cells responded to the hormone in a way analogous to cells in the soybean hypocotyl. Our approach was to compare the complexity ofpoly(A) RNA from cells grown in suspension medium containing optimum levels of auxin for proliferation to the complexity of poly(A) RNA from auxindeprived cells using two independent techniques, i.e. kinetic analysis of hybrid formation of excess poly(A) RNA with its reverse transcribed copy DNA (7) and saturation hybridization of excess RNA to 'single' copy DNA (scDNA) (2, 13, 29 The cell numbers were determined using a modification of the procedure of Brown and Rickless (9) . Cells from cultures were collected by centrifugation, and the pellet was resuspended in 6% chromate at about 15 mg fresh weight per ml acid. Cells were incubated 7 to 10 d at room temperature and dissociated with a minimum of vortexing and/or by passage through a 6 inch, 18 gauge needle. Dissociated cells were counted using a Fuchs Rosenthal hemocytometer (1/16 sq mm, 2/lo mm deep).
Fresh weights were determined in replicate by collecting measured volumes of suspension cells on Miracloth.
Preparation and Analysis of poly(A) RNA. Tissue cultured cells were collected on Miracloth filters. RNA from cultured cells and hypocotyl tissue was extracted as described by Walker and Key (34) . Poly(A) RNA was purified using oligo(dT)-cellulose (Collaborative Research type T2) chromatography as described by Silflow et aL (29) and contained less than 5% rRNA. cDNAs used in kinetic hybridization studies were synthesized from poly(A) RNA as described by Baulcombe Figure IA . The rate of growth of cells in (-) auxin medium was less than the rate of growth of cells in (+) auxin medium. The slower rate of growth in (-) auxin medium was consistent and even more apparent when the inoculum density was reduced 10-to 20-fold (data not shown). Figure lB shows data comparing the number of cells per ml of the same cultures shown in Figure  1A . Following the high density inoculation ( Kinetic Analysis of Sequence Complexity of Poly(A) RNA from (+) and (-) Auxin Grown Soybean Cells. Graphic displays of the hybridization data of poly(A) RNA with its homologous cDNA are shown in Figure 3A for RNA from (+) auxin grown cells and in Figure 3B for (-) auxin grown cells. These data indicate that both (+) and (-) auxin grown cells produce unique poly(A) RNAs which differ in concentration (abundance) over a range of five orders of magnitude. A three component solution using a program for least square analysis (28) gave the best fit to the data with root mean square values of 0.0 17 for the (+) and 0.028 for the (-) auxin suspension culture poly(A) RNAs. This solution also indicated that three abundance classes of RNA best represent the data for the RNA complexity of both (+) and (-) auxin grown cells (Table I ). The percentages of the poly(A) RNA representing the most abundant, moderately abundant, and rare classes were 12, 43, and 44% for the (+) auxin cells and 24, 57, and 17% for the (-) auxin cells. (8) . The percentage of RNA/cDNA hybrid formation was assayed using the Sl nuclease method (27) . Curves represent the best three component fit of the hybridization data using a computer program for least squares analysis (28). The equivalent RNA Cot% values for each component of each reaction are derived from rate constants that best fit the data shown in Figure 3 and are computed using a program for least squares analysis (28 (Table II) and represent diverse sequence complexities of 36,000 and 64,000, respectively. Table I also shows the number of molecules per cell per sequence for each class for a given treatment. The distribution of the three class members within (+) and (-) auxin grown cells is similar although there are twice as many molecules per sequence per cell in the most abundant class component of the (+) auxin suspension cells. Overall, the kinetic analysis indicates that the diverse sequence complexity is greater in all the abundance classes of (-) auxin grown cells relative to (+) auxin grown ones.
Previously, heterologous cDNA/poly(A) RNA hybridization reactions were used to demonstrate a major shift in the concentration of abundant mRNAs in soybean hypocotyls following treatment with auxin (2) . Similar heterologous reactions were included in this study to determine if shifts in reaction rates among heterologous and homologous reactions could be detected. cDNA preparations from (+) and (-) auxin poly(A) RNA were hybridized to their reciprocol poly(A) RNAs. The data for these heterologous reactions are shown in Figure 3 allowing comparisons to be made to their respective homologous reactions. Since the RNA is in 1500 to 3000x excess over the tracer cDNAs in these kinetic hybridization studies, the reaction rates are dependent on the complexity and abundance distribution of homologous sequences represented in the cDNA. As shown in Figure 3A , the (-) auxin poly(A) RNA drives the (+) auxin cDNA at about the same rate as the same cDNA is driven in its homologous reaction. This indicates that the majority of the sequences in the (+) auxin poly(A) RNA as reflected by its (+) auxin cDNA are present in the (-) auxin driven RNA and that their abundance distribution is not dramatically changed.
This contrasts with the shift in the rate of hybridization shown in Figure 3B for heterologous versus homologous reactions involving (-) auxin cDNA. Here the excess (+) auxin poly(A) RNA drives the (-) auxin cDNA to hybrid formation much slower than the (-) auxin cDNA is driven by excess (-) auxin poly(A) RNA. The shift in the rate of reaction reflects the difference in sequence complexity between the (+) and (-) auxin tissue culture RNAs primarily in the rate ofthe reacting moderate and complex class members. The majority ofthe (+) auxin RNA sequences are shared with the (-) auxin RNA population as noted above but the kinetic hybridization analysis (Table I) estimates the (-) auxin RNA to contain as many as 28,000 additional sequences. The absence of sequences homologous to these additional (-) auxin cDNA sequences in the driving (+) RNA and thus its failure to drive some >20,000 cDNAs to form hybrids most likely results in the observed shift in the observed rate of hybrid formation.
Reaction plateau levels also are consistent with the observed sequence complexity differences between (+) and (-) auxin tissue culture auxin poly(A) RNAs. The plateau for the (+) auxin cDNA heterologous reaction is essentially the same level as the one reached for the (+) auxin cDNA homologous reaction. This again indicates the majority ofthe (+) RNA sequences are shared by the (-) auxin RNA population. In contrast the plateau level reached for the heterologous (-) auxin cDNA/RNA reactions was about 7% lower than the plateau attained for the (-) auxin cDNA homologous reactions (Fig. 3B) . Since 17% of the RNA mass in the complex class component represents 43,500 sequences (Table I) The plateau values for experiment 1 were determined using a least-squares computer program for pseudo-first-order reactions (28) and generated root mean square values of 0.002 and 0.004 for (+) and (-) TC RNAs, respectively. In all other experiments, the percentage double-stranded hybrid was determined from eight or more saturation plateau points over an equivalent RNA Cot range of 1500 to 7200. All plus or minus percentage double-stranded hybrid values represent the standard error of the mean equal to the standard deviation divided by the square root of the number of saturation platuea points per experiment. Nucleotide complexity was determined by subtracting from the percentage double-stranded hybrid the percentage of DNA self-reassociation for each experiment, divided by the scDNA reactibility (75%), multiplying by 2 assuming asymmetric transcription, and multiplying this fraction by the 5.55 x 108 nucleotide complexity of soybean scDNA (18) . Sequence complexity values were determined by dividing the nucleotide complexity by 1400 nucleotides, the number of average length of poly(A) RNA from soybean (24 Table II legend).
Initially, saturation curves were determined separately for poly(A) RNA from (+) and (-) auxin tissue cultured cells, and data were analyzed using a program for least-square analysis of nucleic acid reassociation data (28) . As summarized in Table II Figure 4 (-) auxin RNA as deduced from the results of the mixing experiments done between it and each other combination of RNAs individually or mixed multiply as combined hypcotyl (+) and (-) auxin and tissue culture (+) and (-) auxin RNAs.
In summary, cells from (-) auxin cultures share about 40,000 of their sequences with (+) auxin cells as well as with (+) and (-) auxin treated hypocotyl. One subset of approximately 20,000 sequences is shared by all cultured cells and by hypocotyl regardless of auxin treatment. In addition, the (+) and (-) auxin suspension cells share another subset of about 20,000 sequences which are not expressed in the (+) and (-) auxin hypocotyl. Finally, tissue culture (-) auxin cells and both (+) and (-) auxin hypocotyl share a third subset of about 20,000 sequences.
DISCUSSION
Growth Parameters of Soybean Suspension Cultures. Cell growth in terms of cell division and expansion in soybean suspension cultures grown with and without auxin in the medium was similar to that previously described for sycamore cells by King (25) . Auxin-deprivation reduced soybean cell division and biomass accumulation during the monitored period of 7 d. As shown in Figure 1A continued cell division and expansion by (+) auxin cells results in fresh weight accumulation during the stationary phase of the growth curve which surpasses that of (-) auxin grown cells.
Although care was taken to keep inoculum densities and manipulations as consistent as possible, 3 d following transfer to new media, cell cultures did vary in their relative fresh weight accumulation from experiment to experiment. The increase in cell density of four cell cultures used for RNA preparations varied from 1.05 to 2.00-fold for (+) auxin cells after 3 d and from 1.13-to 1.70-fold for auxin (-) grown cells after 3 d. Although the poly(A) RNA from the cells showing the greatest rate of growth in 3 d corresponded with the lowest complexity in both (+) and (-) auxin-treated cells, no clear correlation was evident between the growth rates of a set of (+) and (-) suspension cells and respective poly(A) RNA complexities. The degree to which this variation in the growth rate of the cells influences the poly(A) RNA complexity is not known. Growing and resting cells of mouse embryo cell cultures accumulate poly(A) RNA at different rates but the poly(A) RNA complexities between these cell cultures were indistinguishable (15) . However, the number of molecules representing each of three abundance classes did vary from resting and growing cells. As with the (+) auxin dividing cells, the number of molecules of diverse abundant class sequences per cell was greater in dividing mouse cells than in the resting ones.
Changes in in vitro translation products from soybean and bean cells before and 2 h after subculturing 3 d old cultures have been reported and reflect early changes in RNA expression (5) . These observed early changes in RNAs following subculturing are most likely different from the ones reported here since the soybean cell cultures described in this report were examined 3 d after their subculture into (+) or (-) auxin medium.
Kinetic Analysis of poly(A) RNA from (+) and (-) AuxinTreated Soybean Cells in Culture. From the kinetic analysis of hybridization data presented in this paper, the sequence complexity of total poly(A) RNAs assuming an average size of 1400 nucleotides (29) in (+) and (-) auxin grown cells was estimated. Our estimateof 36,378 different poly(A) RNA sequences from (+) auxin grown suspension cells (Table I ) falls within the range of total complexities reported for several plant species (see Table   3 in reference l1). In particular, this total complexity value compares favorably with the 32,000, 40,000, 43,000, and 36,000 diverse sequence values reported for cultured soybean cells (29) , auxin (+) and (-) hypocotyl (4), and soybean leaf polysomal mRNA (17) , respectively. In contrast, our estimate of 64,000 diverse sequences in auxin-deprived cells is significantly greater than any other previously reported values for poly(A) RNA or mRNA from a particular plant organ or cell culture. This difference is greater than can be accounted for by the limits of the technology which are about 20% (see discussion in Reference 26, p 718) (11, 16) . For complexity estimates of poly(A) RNA from (+) auxin cultured cells, the accuracy would be expected to be 36,000 ± 4,000 diverse sequences while for (-) auxin cultures the range would be 64,000 ±6,400 diverse sequences. Although changes in the complexity between (+) and (-) auxin grown cells occur in all the abundance classes, the major differences were observed in the moderately complex and most complex classes of poly(A) RNA. The influence of these moderate and complex class poly(A) RNAs is reflected in the shift in the rate of hybrid formation between homologous and heterologous reactions involving (-) auxin cDNA.
No superabundant class of RNAs analogous to that observed in untreated mature (quiescent) hypocotyl tissue by Baulcombe et al. (2) was detected in either (+) or (-) auxin grown suspension cells. These superabundant RNAs (three different sequences representing 2.1% of the total poly(A) RNA) dramatically shifted the relative rates of homologous versus heterologous reactions of cDNA representing untreated hypocotyl poly(A) RNA when reacted with excess RNA from one treatment or the other. A similar shift due to this class of RNA was not observed in our heterologous reactions of cDNA with the appropriate RNA from (+) and (-) auxin grown suspension cells. Even though the superabundant class of RNAs was not found in cultured cells regardless of auxin treatment, the RNAs representing this class could still be present but at much lower concentrations. This appeared to be the case since only a low hybridization signal was observed relative to that obtained with auxin treated and untreated hypocotyl RNA (TH Ulrich, unpublished observations) when the cDNA clone p6 from the superabundant class hypocotyl poly(A) RNA (3) was hybridized to northern blots of RNA from (+) and (-) auxin suspension cells. RNA homologous to clones p11 and p12 (3) were not expressed at detectible levels in cultured cells while RNA homologous to clone p6 was expressed at about 20% of the hypocotyl level (P Kroner, personal communication).
Estimating Total Complexity by the Saturation of scDNA with Excess poly(A) RNA. Kinetic analysis indicated that about 20,000 more diverse poly(A) RNAs were expressed in auxindeprived cells than in cultured cells grown in medium containing auxin at levels optimum for growth. Because of the lack of precision in complexity determination associated with kinetic analyses as mentioned above, a more direct approach was taken to confirm these kinetic data. We used total poly(A) RNA in hybridization analyses to saturate scDNA for the practical reasons discussed by Baulcombe et aL (2) . This mass of total poly(A) RNA prepared from soybean suspension culture cells have been estimated to contain little or no nuclear RNA (29) . Others have used RNA populations enriched for polysomal mRNA (21) and nuclear RNA (22) for similar scDNA saturation studies. The possibility of minor nuclear RNA contamination of either total poly(A) RNA or polysomal mRNA preparations can not be ruled out. In spite of this technical limitation, saturation studies have been reported using total poly(A) RNA to estimate RNA complexities of soybean tissue culture cells (29) and hypocotyl (2) as have both polysomal mRNA (21) and nuclear RNA (22) popu-lations been used to estimate RNA complexities within numerous plant organs. In the study reported here, we did not attempt to distinguish between polysomal mRNA and nuclear RNA populations. Even so, our scDNA saturation estimates of sequence complexities using total poly(A) RNA which may wel include some minor fraction of nuclear RNA indicate that sequence complexities do differ between (+) and (-) auxin tissue culture cells. The contribution, if any, of nuclear RNA appears relatively minor because of the fair agreement between the saturation and kinetic sequence complexity estimates as will be discussed below. In addition, saturation data summarized for experiment number one in Table II Mixed populations of RNA were hybridized to scDNA from soybean to determine the extent to which poly(A) RNA sequences were shared among (+) and (-) auxin tissue culture cells and (+) and (-) auxin-treated hypocotyl. Combining (+) and (-) poly(A) RNA from suspension cultures indicated that (+) auxin poly(A) RNA sequences were completely shared by poly(A) RNA from (-) auxin cells. Therefore, (+) and (-) auxin suspension cells share about 40,000 sequences, but poly(A) RNA from (-) auxin suspension cells contain an additional 20,000 diverse sequences. The mcDNA/null cDNA procedure (10) would be required to distinguish smaller complexity differences (less than i 6000 sequences) between these RNA populations.
When combinations of poly(A) RNAs from (+) and (-) auxin suspension cells were mixed with (+) and (-) auxin hypocotyl poly(A) RNA, all combinations saturated the scDNA to about the same level giving estimates of about 60,000 diverse sequences. This indicates that (-) auxin suspension cells share the majority of sequences present in (+) auxin tissue culture cells as well as in (+) and (-) auxin treated hypocotyl. If they did not, the saturation of scDNA would be expected to exceed the 60,000 sequence value of (-) auxin suspension cells. None of the combined RNA population mixes exceeds about 60,000 different sequences. In saturation studies reported by Baulcombe (2), the mixing of (+) and (-) auxin poly(A) RNA from hypocotyls did not alter the percentage of scDNA saturation. This indicated that control and auxin-treated hypocotyl shared the majority of their sequences. In other plants, a large proportion of mRNA sequences (about one-third of the sequences) are shared by all tissues (21) . In tobacco 8,000 diverse mRNAs were shared among all organs and represent about a third of the 25,000 to 27,000 structural genes represented by polysomal mRNA. In our comparision of (+) and (-) auxin-treated hypocotyl and suspension cells, 20,000 diverse sequences or about one-third of 60,000 diverse sequences were shared.
Because (+) auxin suspension cell poly(A) RNA combined with (+) and/or (-) auxin hypocotyl poly(A) RNA saturated scDNA to yield a complexity of about 60,000 diverse sequences, the (+) tissue culture cells must also share about 14,000 to 20,000 sequences with (-) auxin suspension cells not shared by either hypocotyl poly(A) RNA population. Except for (-) auxin suspension cells, each population alone has a total complexity of about 40,000 diverse sequences. The hypocotyl poly(A) RNA populations must also contain another diverse subset of 14,000 sequences not shared with (+) auxin suspension cells. These data suggest that cells depleted of auxin express about 14,000 to 20,000 more sequences than (+) auxin suspension cells. These 20,000 sequences which are not expressed in (+) auxin suspension cells are shared with the hypocotyl. (For tobacco the life cycle complexity has been estimated to be 60,000 polysomal mRNA sequences by Kamalay and Goldberg [21] .) The sharing of gene sequences in mRNA and nuclear RNA as well as the presence of tissue specific mRNA and nuclear RNA sequences has been reported in tobacco organs (21, 22) . The extent to which (-) auxin suspension cells share poly(A) RNA subsets with other plant organs in addition to the hypocotyl has not been addressed in this study and is not known.
Both kinetic and saturation hybridization data indicate that exogenous auxin treatment can dramatically alter the complexity of poly(A) RNA in cultured cells. The removal of exogenous auxin from culture medium results in a 50% increase in the complexity of diverse poly(A) RNA relative to (+) auxin cells.
The striking differences between poly(A) RNA of (+) auxin and auxin-depleted suspension cells of soybean is primarily in the moderately abundant and rare class poly(A) RNAs.
Rare class RNAs have been reported to be highly regulated during the development in other eucaryotes (1 1, 12, 21) . Auxin is one hormone which dramatically influences plant development (30) . From the gross complexity differences reported here, it is clear that auxin also has an important role in the regulation ofpoly(A) RNA complexity ofthe moderate and complex classes of RNA.
